Growth of three-dimensional quantum dot lattices by ion beam irradiation - Monte Carlo simulations
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Growth of regularly ordered quantum dot (QD) systems is very important nowadays due to amazing properties and great technological relevance of such materials. We have reported very recently formation of 3D QD lattices by ion beam irradiation of multilayer structures [1,2]. There we have investigated QD ordering in (Ge+SiO2)/SiO2 multilayers irradiated by O3+ ions under incidence angle of 60 deg with the multilayer surface. We have shown that irradiation causes agglomeration of initially homogeneously distributed Ge atoms, and formation of long-range ordered QD lattice after annealing of irradiated multilayer. QDs order along the chains in the irradiation direction. However, those investigations were performed for very limited range of irradiation and multilayer parameters (one dose and one irradiation angle).

The aim of this project was a detailed investigation of the regular ordering of QDs in (Ge+SiO2)/SiO2 multilayers induced by ion beam irradiation. The project was performed in collaboration with Prof. V. Holý from Charles University in Prague.  During the project we have (i) collected and evaluated data concerning ordering and size properties of QDs for different parameters of the beam used for irradiation, and (ii) we have developed an one-dimensional Monte-Carlo model for explanation and simulation of the observed phenomena. We have shown that the properties of the formed QD lattices depend sensitively on the irradiation conditions. The experimentally observed phenomena were successfully simulated by the proposed model.
Experimental details

We have investigated the ordering of QDs in (Ge+SiO2)/SiO2 multilayer. The multilayers were irradiated by O3+ ions with three different doses (D1 = 5×1014, D2 = 1×1015, D3 = 2×1015 ion/cm2); each dose for three different angles irr between the irradiation beam and the sample surface. 

Structural characterization and Monte Carlo simulations
Structural characterization was done by grazing-incidence small angle x-ray scattering (GISAXS) technique. This method is found excellent for this kind of investigation since it is very sensitive to the ordering of QDs and it yields structural data with an excellent statistics. In Ref. [2] we have developed a method for analysis of GISAXS data collected on irradiated multilayers. Figures 1(a)-(d) show GISAXS data measured on samples irradiated with different doses and irradiation angles.
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Fig.1 GISAXS maps measured on (Ge+SiO2)/SiO2 multilayer irradiated under different conditions. Direction of the correlation of the QDs and the irradiation direction (in the reciprocal space) are indicated by red and blue arrows respectively. 
Form Figs. 1(a) and 1(b) it is evident that QDs indeed order along the irradiation conditions for some of the irradiation parameters, but that is not the rule, as can be seen in Figs. 1(c) and 1(d). We have calculated the QD distances for different irradiation conditions, the results showing dependence of the in-plane parameter of the QD lattice on the irradiation dose for constant irradiation angle are shown in Fig. 2.
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Fig.2. Dependence of in plane parameter of the QD lattice on the irradiation dose. The irradiation angle is 30 deg.
It is evident from Fig. 2 that the QD lattice parameter depends strongly on the irradiated dose. A similar behavior is found for the dependence of the ordering on the correlation angle. 
The model presented in Refs. [1,2] is not consistent with such a behavior. Therefore we have developed a new model which explaining the observed properties. Similarly to the model reported previously the new model is based of the fact that ion transfer its energy to the surrounding material and causes a local increase of the temperature. This energy transfer facilitates the local diffusion of Ge-atoms and formation of Ge clusters. The main features of the new model are the following:

(i) The time evolution of the temperature induced by single ion passage through the material can be well described by gauss-like shape [3], and it is schematically shown in Fig. 3a. The properties of the temperature profile in the multilayer in direction perpendicular to the ion direction are determined by the properties of ion (type and energy) and on the material properties [3]. 
(ii)  Nucleation of initially uniformly distributed Ge atoms (constant density profile) occurs if the local temperature is above some critical value (Tcrit) and if the local concentration of unbound Ge atoms is above some critical value crit [4]. The changes in the density profile when both conditions are fulfilled are shown in Figs. 3(b),(c). In dependence on the current temperature and density profiles, a single (Fig. 3(b)) nucleation center or several centers can be formed during the ion passage (Fig. 3(c)).  The nucleation of Ge QDs in the same multilayer type during a standard thermal annealing without ion irradiation is presented in Ref. [5]. The data presented there were used for determination of Tcrit.
(iii) The growth of formed nuclei depends on the local temperature, and the depletion zone increases during the growth of a dot.
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Fig.3.  (a) Temperature evolution in time (denoted by t). (b) Formation on nucleus in t=1 and growth in times t=1,2.  (c) Formation of first nucleus in t=1, second in t=2 and growth in t=3. Time units are arbitrary.
Based on the above given assumptions we have developed an one-dimensional model which describes well the nucleation and the growth of quantum dots during the ion beam irradiation. For the modeling of temperature profile we took the parameters from the literature [6], which represents the experimentally measured data. The simulations obtained for the three doses mentioned above are shown in Fig. 4. The density maxima correspond to the positions of the formed QDs. Form the figure it is evident that the distances of the QDs following from this model are indeed dose-dependent. Such behavior can be explained by an energy deposition in the system. Increasing of the dose, the amount of the deposited energy is increasing as well. The increase of the deposited energy causes the increase of the diffusion length, so the growing nucleus can collect Ge atoms from a larger volume. The result is growth of larger QDs on the account of smaller ones (Ostwald ripening).
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Fig.4. Monte Carlo simulations of germanium density profile along the (Ge+SiO2) layer after irradiation with different doses. D1=3353 ions/cm, D2=4743 ions/cm, D3=6706 ions/cm. Density peaks correspond to the positions of QDs.
We are still working on the improvement of the model and on the correlation of the model parameters with the experimentally measured values. More details about the model and its application on the systems irradiated with different doses and under different angles we present in the manuscript entitled “Design of QD lattices by ion beam irradiation” , which is in the final stage of the preparation for submission to Nature Materials.

We plan to continue in the collaboration with the host institution on this topic.
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Other comments:

According to the submitted plan, the project actually consisted of two parts: 7 days at synchrotron Elettra, Tirieste, Italy (beamtime of V. Holy, proposal number 20095025) and 5 days at Charles University in Prague, Czech Republic. During the both parts we have worked on the Monte-Carlo simulations, while some very important missing structural data were collected during the first part of the visit.  

Attached to this letter please find plane tickets, and accepted access for Elettra beamtime, proposal number 20095025.
